The presence and distribution of isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs), lipids that constitute the membranes of Archaea, have been investigated in a 50-cm long core from a Swedish peat bog. In the acrotelm, the periodically water saturated and thus oxic upper layer of the peat bog, only minor amounts of GDGTs were found. These amounts increase considerably in the catotelm, the continuously water saturated and consequently anoxic lower layer of the peat bog. Based on earlier analyses of GDGTs in different settings and on 16S rDNA results from literature, these lipids are likely derived from methanogenic Archaea. Crenarchaeol, previously only found in marine settings and in fresh water lakes, has also been found in this peat bog. Contrary to the other GDGTs, crenarchaeol concentrations remain relatively constant throughout the peat core, suggesting that they are produced by Crenarchaeota thriving in the oxic part of the peat bog and possibly also in the anoxic part.
Introduction
Archaea, one of the three Domains of life, consist of a wide diversity of microorganisms genetically distinct from the other two domains of life, the Bacteria and the Eukarya [1] . Initially, they were thought to only comprise extremophilic species. However, the use of culture-independent biological techniques has shown that they inhabit a wide variety of environments and are not restricted at all to extreme environments [2, 3] . Within the Archaea domain, three different phyla can be distinguished. First, the Euryarchaeota, of which cultured species exist capable of thriving at high temperatures or high salt concentrations. Uncultured Euryarchaeota are found in environments like deep marine anoxic waters, marshes, peat bogs, rice fields and even in the gut of a soil-feeding termite, and they are often involved in the methane cycle (e.g. [4, 5] ). A second phylum is formed by the Korarchaeota, which constitutes an as yet poorly characterised smaller branch of hyperthermophiles. Finally, the Crenarchaeota are the most diverse and abundant group within the Archaea kingdom [6] . Among cultured Crenarchaeota there are sulfur-oxidis- ers, most of which are (hyper)thermophiles [1] . The uncultured Crenarchaeota mainly comprise non-thermophilic species, often referred to as ÔGroup 1Õ Archaea (see [6] for an overview) and they are found in diverse environmental settings. A part of this ÔGroup 1Õ Archaea are the non-thermophilic marine planktonic Crenarchaeota, which are ubiquitous in the worldÕs oceans where they account for about 20% of all picoplankton [7] . They are found in the marine water column [7, 8, 3] and in marine sediments [9] . From this subgroup of marine planktonic Crenarchaeota, there is one ÔcultureÕ available: Cenarchaeum symbiosum, an archaeon living in symbiosis with the sponge Axinella mexicana [10] . During the last years, a wealth of phylogenetic sequences belonging to this ÔGroup 1Õ Archaea has been discovered in forest soils and their rhizospheres, agricultural soils and palaeo soils (e.g. [11] [12] [13] ) and in fresh water lakes and sediments (e.g. [14, 15] ). However, compared to the marine environment, the amounts of Crenarchaeota found on land are much lower. Ochsenreiter et al. [11] determined the relative amount of non-thermophilic Crenarchaeota in a bulk soil sample at 0.5-3% of bacterial rDNA and Buckley et al. [13] calculated a relative abundance of 1.42 ± 0.42% of the total 16S rRNA in soils. This is in contrast with the marine water column, where the amount of marine Crenarchaeota can reach as much as 39% of total DNAcontaining picoplankton (20% on average) [7] .
Besides their distinctive genetic composition, Archaea also possess a distinctive membrane, which is predominantly composed of glycerol dialkyl diether and glycerol dialkyl glycerol tetraether lipids (GDGTs; see Fig. 1 for structures). This contrasts with the ester-linked membrane lipids of Eukarya and most Bacteria [16] . Membrane lipids can, thus, provide an additional line of evidence for the widespread occurrence of Archaea in diverse environmental settings. GDGT lipids turned out to be abundant in marine water column particulate and sedimentary organic matter and have been proposed to derive from planktonic crenarchaeota (e.g. [17, 18] ). They were also detected in C. symbiosum [19] which confirms this hypothesis. With the development of a HPLC/MS technique for measuring intact GDGTs [20] , new kinds of widespread occurring GDGTs were discovered in both oxic and anoxic marine waters and sediments and in lakes (e.g. [4, 21] ). A newly discovered GDGT, ÔcrenarchaeolÕ, which contains an additional cyclohexane moiety besides the usual pentane rings (see Fig. 1 ), was found to be ubiquitous throughout marine sediments and turned out to be the most abundant lipid in C. symbiosum as well [22] . Recently, crenarchaeol was also found in fresh water lake sediments [23] . Since crenarchaeol is only found in non-thermophilic, aquatic settings, it is thought to be an indicator for the presence of non-thermophilic Crenarchaeota.
So far, only a few studies have reported the presence of GDGTs in terrestrial settings and the characterisation of archaeal communities in soils and peat bogs based on their lipid content. Pancost et al. [24] first reported the occurrence of GDGTs, as inferred from the presence of biphytanes released by ether bond cleavage, in two peat bogs and later Schouten et al. [21] and Pancost et al. [25] reported the presence of some intact GDGTs in two ancient peat bogs in Ireland and The Netherlands. Gattinger et al. [26] demonstrated the use of GDGT lipid analysis for detecting archaeal communities in soils. To cover a broad diversity of archaeal lipids they used a bulk sample composed of different soil types. Although the analytical conditions did not allow for a clear separation of the GDGTs, they identified GDGTs 0-4. None of these studies reported the presence of crenarchaeol in their samples. Recently, however, traces of crenarchaeol were reported in a wetland from the USA, indicating that crenarchaeol is also more widespread than previously thought (C.H. Turich, E.C. Hopmans, S. Schouten, M.A. Bruns and K.H. Freeman, unpublished results).
In this study, a Sphagnum peat core from southern Sweden was analysed for the presence of archaeal isoprenoid GDGT lipids. Since this peat core covers the aerated top part above the water table as well as the anaerobic part below the water table, two different ecological habitats are present. By analysing the changes in the lipid distribution along the depth profile, it was possible to distinguish between different archaeal communities inhabiting the two habitats.
Material and methods
In summer 2003, samples were taken from the Saxnäs Mosse (56 51 0 20.78 00 N, 13 27 0 39.62 00 E), a raised bog area with vegetation mainly composed of Sphagnum species, near the village of Lidhult, SW Sweden. A 50 cm long peat core was taken with a Wardenaar corer and put into a metal box. The water table in the field was found at an average depth of 14 cm below surface. The upper 25 cm of the core constitutes the acrotelm layer and is followed by a 5-cm thick transition layer to a 5-cm thick layer of dark, brown/black, highly decomposed peat. After another 5 cm transition layer, a dark brown peat layer was found down to 50 cm depth. In the laboratory, during sampling, the upper 14 cm proved to consist of non-decomposed Sphagnum magellanicum stems with leaves, followed by a 13-cm thick layer of more decomposed but still visible Sphagnum branches. From 27 to 50 cm the core consists of decomposed peat, with between 30 and 40 cm also ericaceous and cyperaceous remains. The lowermost 10 cm consists of decomposed Sphagnum papillosum.
The core was sampled at 2 cm intervals with a metal case of approximately 0.75 cm 3 . Freeze-dried and ground samples were extracted three times for 5 min with an Accelerated Solvent Extractor (DIONEX ASE 200) using a mixture of dichloromethane (DCM):methanol 9:1 (v/v) at a temperature of 100°C and a pressure of 7.6 · 10 6 Pa. Extracts were rotary evaporated under vacuum to near dryness. For GDGT analyses, the extracts were further purified by separation into two fractions over an activated Al 2 O 3 column using DCM:methanol 199:1 (v/v) and DCM:methanol 1:1 (v/v), respectively. The latter fraction was evaporated under a continuous nitrogen flow, dissolved in a hexane:propanol 99:1 (v/v) solution by sonication and filtered through an Alltech 0.45 lm PTFE filter (B 4 mm). GDGTs were analysed by high performance liquid chromatography/atmospheric pressure chemical ionisation mass spectrometry (HPLC/APCI-MS), according to Hopmans et al. [20] with minor modifications. Analyses were performed on an Agilent 1100 series/Hewlett-Packard 1100 MSD series machine, equipped with auto-injector and HP chemstation software. Separation was achieved on an Alltech Prevail Cyano column (150 mm · 2.1 mm; 3 lm). Flow rate of the hexane:propanol 99:1 (v/v) eluent was 0.2 ml min À1 , isocratically for the first 5 min, thereafter with a linear gradient to 1.8% propanol in 45 min. Injection volume of the samples was usually 10 ll. Quantification of the GDGT compounds was achieved by integrating the peak areas in the [M + H] + and [M + H] + + 1 (i.e. protonated molecule and first isotope peak) traces and comparing these to a standard curve prepared with known amounts of GDGT-0.
The relatively high abundance of the [M + H] + + 2 isotope peaks in the mass spectra of the GDGTs gives rise to signals in the mass chromatograms with a 2-Da higher mass [20] (see Fig. 2 ). Co-elution of GDGT-4 and crenarchaeol on the LC together with this overlap of isotope peaks in the mass spectra makes quantification of GDGT-4 by integration difficult. To overcome this, the average percentage of the [M + H] + + 2 isotope peak in the mass spectrum of crenarchaeol was calculated for several ÔcleanÕ marine samples from different places (i.e. samples containing only crenarchaeol). This percentage turned out to be about 33%. The GDGT-4 peak area in our samples was corrected by this percentage to obtain an estimate of the GDGT-4 concentration. Fig. 2 . Partial base peak chromatogram and mass chromatograms of the protonated molecule plus first isotope peak of the different GDGTs in the peat sample from 35 cm depth. Numbers refer to the GDGT structures in Fig. 1 . ÔcrenÕ, crenarchaeol.
Results
HPLC/APCI-MS analyses of the peat core revealed the presence of six isoprenoid GDGTs (see Fig. 1 for structures). The most abundant is GDGT-0 followed by minor amounts of GDGTs containing 1-4 cyclopentane moieties and crenarchaeol. The last eluting peak in the HPLC chromatograms represents a mixture of GDGT-4 and crenarchaeol (Fig. 2) .
When GDGT concentrations are plotted against depth, two separate trends can be distinguished (Figs.  3 and 4) . First, GDGT-0 (Fig. 4(a) ) and the cyclopentane containing GDGTs 1-4 ( Fig. 4(b) ) are present in low amounts in the upper part of the peat core and gradually increase in amount in the lower part. Concentrations of GDGT-0 increase from 0.3-0.4 lg g À1 dry wt peat to about 15 lg g À1 dry wt peat and concentrations of the cyclopentane containing GDGTs increase from near zero (ca. 0.05 lg g À1 dry wt peat) to concentrations around 1 lg g À1 dry wt peat. Not much variation is visible in the distribution of the cyclopentane containing GDGTs themselves, although there may be a very slight shift towards GDGTs with more pentane rings in the deeper samples (Fig. 3) . A second, strikingly different trend is found in the crenarchaeol concentrations, which stay relatively constant throughout the whole core at about 0.3 lg g À1 dry wt peat (Fig. 4(c) ). Those two different trends were further confirmed by a simple statistical test (StudentÕs t-test) performed on the data. Within a 99% confidence interval there is a significant change in concentrations of GDGT-0 and GDGTs 1-4 between the upper part (acrotelm) and the lower, continuously water saturated part of the profile, while there is no significant difference in the concentrations of crenarchaeol in these two parts of the peat core.
Discussion
The presence of an aerated top layer and an anoxic lower layer in the peat profile gives rise to two distinctive trends in GDGT abundance throughout the core. The crenarchaeol concentration remains approximately constant throughout both the oxic and the anoxic part of the profile (Fig. 4(c) ). This GDGT is likely derived from Crenarchaeota, since crenarchaeol is considered as a diagnostic lipid for non-thermophilic Crenarchaeota present in marine and lacustrine environments [22, 23] . Besides the oxic parts of the marine water column, crenarchaeol is also found in the anoxic water column of the Black Sea [4] , suggesting that these aquatic Crenarchaeota may be facultative anaerobes. Thus, the relatively constant concentration of crenarchaeol in the peat profile can be explained by the presence of close relatives of the non-thermophilic aquatic Crenarchaeota, capable of thriving in both oxic and anoxic environments. Indeed, various phylogenetic studies have shown that new crenarchaeotal sequences from soils to some extent cluster together with marine planktonic Crenarchaeota (e.g. [11] [12] [13] ).
GDGT-0 and GDGTs 1-4 present in the oxygenated layer are most likely produced by non-thermophilic crenarchaeotal species as well, since their abundance relative to crenarchaeol in this part of the profile is comparable to the ratios found in aquatic Crenarchaeota [21, 22] . Those aquatic Crenarchaeota produce, depending on growth temperature [27] , about the same amounts of crenarchaeol and GDGT-0 and much smaller amounts of the cyclopentane containing GDGTs. However, the concentration of GDGT-0 in the anoxic lower part of the core increases substantially compared to crenarchaeol (Fig. 4(a) ) and thus an additional source is expected here. As a number of methanogenic Euryarchaeota are known to biosynthesise GDGT-0 [28] , they represent a likely source for the GDGT-0 found in this part of the peat core. In agreement with this, 16S rDNA of methanogenic Euryarchaeota is often found in the anoxic part of peat bogs (e.g. [5, 29] ). Galand et al. [5] found several sequences of methanogenic Euryarchaeota (related to members of Rice Cluster I) at 10 and 40 cm below the water table in a Finnish oligotrophic fen. Although a fen is by definition less acid than a bog, the water table level, the dominant Sphagnum moss vegetation and the oligotrophic character of the fen are comparable to our site.
The same interpretation may hold true for GDGTs 1-4, which are also predominantly found in the anoxic part of the core (Fig. 4(b) ). It is very likely that the same group of organisms, methanogenic Euryarchaeota, produces both GDGT-0 and GDGTs 1-4, as the concentrations of these GDGTs co-vary. Analysis of the d
13 C values of the GDGTs can clarify if they derive from the same group of organisms or not, but unfortunately sample amounts were too low to perform such analyses on these samples. However, Pancost et al. [25] determined the d
13 C values of the acyclic biphytane units, derived from GDGTs 0 and 1, and the monopentacyclic biphytane units, derived from GDGTs 1-3, from an ancient peat bog after ether cleavage of the intact GDGTs. For the acyclic biphytane units, values vary between À24% and À31% and for the monopentacyclic biphytane units a more constant value between À35% and À36% was found. This suggested that at least two different (groups of) species within the methanogenic Euryarchaeota (probably utilising different substrates or slightly different metabolic pathways) are responsible for the production of GDGT-0 and GDGTs 1-4.
Conclusions
GDGT lipids provide a means to identify different archaeal communities in peat bogs. Non-thermophilic Crenarchaeota are suggested to be present in at least the oxygenated top part and possibly throughout the whole peat core, mainly producing GDGT-0 plus crenarchaeol and in lower amounts also cyclopentanecontaining GDGTs. In the lower anoxic layer of the peat bog, these crenarchaeotal species are accompanied by groups of methanogenic Euryarchaeota, which produce predominantly GDGT-0, but also GDGTs 1-4.
